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A B S T R A C T   
Semi-continuous production of xanthan gum using self-immobilized Xanthomonas campestris cells in biofilm re-
actors was studied. Fermentation was carried out using two different designs of biofilm reactor equipped with a) 
stainless-steel support (SSS) and b) polyethylene support (PES). Fermentation was performed in three cycles with 
refreshing the media at the beginning of each: cycle 1, 0− 27 h; cycle 2, 27− 54 h; and cycle 3, 54–78.5 h. Results 
showed that the glucose consumption and the pH reduction in the PES biofilm reactor was faster compared to the 
SSS biofilm reactor. Scanning electron microscopy showed that the SSS was capable to immobilize more cells 
during the growth of X. campestris. The maximum concentration of xanthan gum in the SSS biofilm reactor 
obtained after 27 h (3.47 ± 0.71 g/L), while the maximum concentration of xanthan in the PES biofilm reactor 
obtained after 78.5 h (3.21 ± 0.68 g/L). Thermal stability analysis of xanthan using differential scanning 
calorimetry showed the presence of two fractures attributed to dehydration and degradation of polymer. The 
thermogram represented both endothermal and exothermal behaviour of xanthan polymer. Furthermore, the 
functional groups and molecular structure of the xanthan produced in this study was evaluated using Fourier 
transform infrared spectrometry and also proton nuclear magnetic resonance. in addition, the surface tension of 
(0.2 %, w/v) xanthan gum solution was in a range of 52.16–56.5 mN/m. Rheological analysis of xanthan showed 
that the G′ values were higher than the G′′ in all frequencies demonstrating a relatively high elasticity of the 
produced xanthan gum.   
1. Introduction 
Xanthan is a polysaccharide with widespread applications in food 
products and drug delivery (Kumar et al., 2018). The chemical structure 
of xanthan includes a cellulosic backbone with a linear shape sur-
rounded by trisaccharide side chains (Jo et al., 2018). This structure 
provides the outstanding characteristics including stability in ionic so-
lutions, high temperature and low pH, possessing high viscosity at low 
concentrations, pseudoplastic behaviours and the resistance to enzy-
matic degradation (da Silva et al., 2017; Kang et al., 2019a, 2019b). 
Different bacteria from Xanthomonas species, e.g., X. phaseoli, X. juglandis 
and X. compestris, were cultivated to produce xanthan in large scales 
(Prameela et al., 2018). X. campestris has been frequently used for xan-
than production at industries due to its desirable rheological attributes 
such as high viscosity of the xanthan solutions. The main characteristic 
of xanthan gum associates with its capability to modify the rheological 
properties of solutions using the different physic-chemical interactions 
(Rottava et al., 2009). 
Bioproduction of xanthan using microbial fermentation is an 
approach for the relevant industries. Among different module of bio-
process, semi-continuous fermentation is a strategy to achieve high yield 
bioproducts and suppress the limitations associated with the substrates 
(Chaitali et al., 2003). Semi-continuous fermentation has several ad-
vantages over the batch process, it does not require the inoculum 
development after each cycle of fermentation, it requires lower costs of 
energy and employing this strategy often led to a higher yield. The 
possibility to control the microbial growth rate, the kinetics of the 
production of bioactive metabolites and also oxygen transfer using the 
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inlet feeding rate is another advantage of semi-continuous fermentation 
(Shahira, 2019). Nevertheless, semi-continuous operation needs a 
well-attended control management (Habibi and Khosravi-Darani, 2017). 
Demands for the production of xanthan has been increased according 
to the recent reports (Li et al., 2016a, 2016b; Mohsin et al., 2018). The 
annual production of xanthan is approx. 30,000 tons. Due to high costs 
of the substarte required to produce xanthan gum (US$ 400–600/ton), it 
seems that the development of an affordable strategy to produce xan-
than is necessary. Cell immobilization is an approach to produce high 
value bioproducts with a reasonable cost with a high yield. Different 
strategies for cell immobilization such as adsorption, gel entrapment, 
and covalent binding have been suggested so far for the production of 
various bioproducts (Kosseva, 2011). An approach to improve the yield 
of microbial production is the installation of supports in the fermentors 
(namely biofilm reactors). By this method, the cell immobilization 
through the adsorption of cells occurs leading to a direct contact be-
tween the nutrients and the immobilized cells. Using the immobilized 
cells for the production of microbial products imparts several advan-
tages including higher cell density, metabolic activity, loading, dura-
bility, possibility of cell recovery and reutilize, in addition, lower 
downstream costs, lower diffusion problems, biodegradability, associ-
ated with cell separation, nontoxicity, availability, and enhanced cell 
resistance to inhibitory compounds compared to the conventional free 
cell systems (Kosseva, 2011; Niknezhad et al., 2016; Razmjooei et al., 
2020). In this context, selection of compatible support, the particle 
density of support, surface hydrophobicity and its pore sizes are critical 
(De Amorim et al., 2009). Several studies suggested the application of 
biofilm reactor for the improvement of the bacterial and fungal me-
tabolites. Nejadmansouri et al. (2020) reported the batch production of 
xanthan gum via immobilization of X. campestris cells on different types 
of supports including smooth small pore size metal support, wavy large 
pore size metal support, plastic support, as well as calcium alginate 
beads. They showed that the recovery of xanthan gum was increased by 
employing these four types of supports. However, the support with a 
larger pore size showed a higher xanthan productivity compared to the 
support with a smaller pore size, due to the efficient cell entrapment 
within the large pores, which accordingly led to a high xanthan accu-
mulation. Furthermore, they showed that an increase in the surface 
hydrophobicity led to an increase in the attachment of bacterial spores 
to the supports. In another study, a high productivity of hydrophobins 
was obtained using Viton™ rubber and stainless steel support (SSS) for 
T. harzianum and T. reesei (Bajoul Kakahi et al., 2019; Khalesi et al., 
2014). These authors reported that the fungal biomass was mainly 
attached to the supports, leading to a simplification of downstream 
processing scheme and enhancement of the productivity of hydro-
phobins. Niknezhad et al. (2016) reported a successful production of 
xanthan gum using immobilized cells of X. campestris and X. pelargonii on 
the calcium alginate and the calcium alginate–polyvinyl alcohol-boric 
acid (CA–PVA) beads. 
In this study, two types of support (i.e., polyethylene and stainless 
steel) were compared for the semi-continuous production of xanthan 
gum using X. campestris. In addition, the physicochemical, structural and 
rheological properties of xanthan gum produced in this study were 
investigated. 
2. Materials and methods 
2.1. Materials 
X. campestris PTCC 1473, Luria-Bertani (LB) agar medium and yeast 
extract peptone dextrose (YPD) broth were purchased from the Persian 
Type Culture Collection (PTCC, Iran). Potassium chloride (KCl) was 
from Kimia Mavad Co (Tehran, Iran) and 2-Propanol was from Merck 
(Darmstadt, Germany). All other materials and reagents were analytical 
grades. 
2.2. Inoculation of X. campestris 
X. campestris was inoculated on LB agar plate using trisector method 
to obtain pure colonies. The LB agar medium consisted peptone (10.0 g/ 
L), yeast extract (5.0 g/L), NaCl (5.0 g/L) and agar (15.0 g/L). This plate 
was incubated at 30 ◦C for 48 h. A grown colony was taken by sterile 
sampler tip and was transferred to a 50 mL reagent bottle containing 
modified YPD broth medium consisting peptone (25.0 g/L), yeast extract 
(10.0 g/L) and glucose (20.0 g/L). The vessel was incubated using 
JTSL10 shaking incubator (Jal Tajhiz, Iran) which was set at 30 ◦C at 
180 rpm for 48 h. Aliquot (7 mL) of the inoculated medium was added 
into each reagent bottle with a volume of 250 mL containing 150 mL of 
Fig. 1. Images of a) polyethylene support; and b) stainless steel support used in biofilm reactors during the fermentation of Xanthomonas campestris.  
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YPD broth medium. The flask of cultivation was equipped with either 
SSS or polyethylene support (PES) (Fig. 1). Optical density (OD) of the 
mediums was measured by a UV-9200 spectrophotometer (Beijing 
Rayleigh Analytical Instrument Co., ltd, China) at λ =600 nm. The 
samples were incubated at 30 ◦C and 180 rpm for 78.5 h (n = 3). Fresh 
YPD broth medium was supplemented to the reactors after 27 and 54 h. 
2.3. Xanthan gum recovery 
Recovery of xanthan gum was performed after 27, 54 and 78.5 h 
according to the method described by Nejadmansouri et al. (2020). A 
solution of KCl (10 mL, 5% w/v on a basis of final blend) and iso-
propanol (20 mL) were used for the extraction of xanthan gum from the 
medium culture of X. campestris. In order to extract xanthan gum, aliquot 
(10 mL) of the medium culture of X. campestris was centrifuged (10,000 
g, 20 ◦C, 15 min) using SW14R centrifuge (Froilabo, France). The su-
pernatant was separated and mixed with isopropanol-KCl solution. A 
pre-weight tube containing this mixture was shaken with a VM-10 
multi-purpose vortex mixer (Daihan, South Korea), then it was centri-
fuged (10,000g, 4 ◦C, 30 min). Finally, the precipitate (i.e., xanthan 
gum) was collected and dried using a freeze dryer (LD Plus Alpha 2 and 
4, Christ, Germany). The tubes containing the dried xanthan gum were 
weighed and the amount of recovered xanthan gum was calculated. 
2.4. OD measurement, biomass yield and microbial cell count 
The OD of each sample (2 mL) in different times (0, 7, 13, 24, 27, 
30.5, 37, 48, 51.5, 54, 60, 72, 76 and 78.5 h) was recorded using UV- 
9200 spectrophotometer (Beijing Rayleigh Analytical Instrument Co. 
ltd, China) at λ =600 nm. 
For the determination of the biomass weight (n = 3), aliquot (1 mL) 
of each sample collected at 0, 7, 13, 24, 27, 30.5, 37, 48, 51.5, 54, 60, 72, 
76 and 78.5 h was added to a pre-weight 1.5-mL vial. This vial was 
centrifuged with a MIKRO 120 Microlitre Centrifuge (Hettich, Germany) 
at 25 ◦C and 14,000 g for 5 min. The supernatant was discarded and 
replaced with distilled water and the vial was shaken using VM-10 
multi-purpose vortex mixer (DAIHAN, South Korea) to wash the 
biomass. Then, the vial was centrifuged at 25 ◦C and 14,000 g for 5 min. 
After discarding the supernatant, the vial was incubated in an oven (F.A. 
G, India) adjusted to 90 ◦C for 24 h in order to dry the biomass. After-
wards, the vial was weighed and the biomass weight was obtained. 
For microbial cell count, a serial dilution (from 10− 1 to 10-10 dilu-
tion) of each sample was prepared at t = 0, 27, 54 and 78.5 h. A Pour 
plate method was carried out for the tubes corresponding to the di-
lutions of 10-3 to 10-10 by using of YPD agar medium to preform colony 
counting. The inoculated plates were then incubated at 30 ◦C for 48 h. 
Finally, the plates with 30–300 colonies were considered for the mi-
crobial counting. 
2.5. Measurement of the pH and the glucose concentration 
The pH of samples was measured using a Mi 180 bench pH meter 
(Martini instruments, USA) at different times (i.e., 0, 7, 13, 24, 27, 30.5, 
37, 48, 51.5, 54, 60, 72, 76 and 78.5 h). The glucose concentration was 
also measured using a HPLC system (Knauer, Germany) equipped with 
Eurokat Pb, 10 μm, Column 300 × 8 mm and intelligent reflex index 
detector (Model RI-2000). 
2.6. Scanning electron microscopy (SEM) 
The microstructure of the cell-entrapped supports was investigated 
using SEM. At the end of fermentation (78.5 h), supports collected and 
small pieces of each were cut using a sterile scissor. Prior to scanning 
with SEM, the supports were coated by gold using Q 150R-ES (Quorum 
Technologies, UK) under vacuum. The scanning was carried out using 
TESCAN-Vega 3 scanning electron microscope (Tescan, Czech 
Republic). In addition, the microstructure of recovered xanthan gum 
powder (obtained after 78.5 h) was analysed with the SEM. 
2.7. Analysis of extracted xanthan 
2.7.1. Molecular weight (MW) determination 
The MW of the produced xanthan gum was determined using the 
dynamic light scattering (DLS, SZ 100, Horiba, Japan) according to the 
method outlined by Rodd et al. (2000). The operating parameters for 
DLS analysis are given in Table 1. 
2.7.2. Analysis of surface tension and rheological behaviours 
Surface tension analysis of xanthan gum was carried out for samples 
recovered after 27, 54 and 78.5 h. To this end, a solution of 0.2 % (w/v) 
xanthan gum was prepared. Surface tension of solutions were analyzed 
using a contact angle 101 digital tensiometer (Nano metric, Iran) 
following the Wilhelmy plate method. 
Furthermore, the storage modulus (G′), loss modulus (G′ ′) and loss 
factor (tan δ = G′′/G′) of 0.6 % (w/v) xanthan gum solution were 
determined using an MCR-302 rheometer (Anton Paar, Austria). The 
system was equipped with a pressure cell and 3.8 cc cylinder (double 
gap, DG26.7/T200/SS, active length of 112.5 mm) adjusted at 25 ◦C 
within a range frequency of 0.01− 10 rad/s. Commercial xanthan gum 
was used as control. Xanthan gum powder (30 mg) obtained from the 
samples recovered at 27, 54 and 78.5 h was dissolved in 5 mL dH2O. This 
solution was used for rheometery analysis. 
2.7.3. Hydrogen-1 nuclear magnetic resonance (H NMR) spectroscopy and 
Fourier transform infrared spectroscopy (FTIR) 
To assess the structure of the recovered xanthan using H NMR 
spectroscopy, xanthan powder was dissolved in deuterated water (D2O) 
and injected to 400 MHz Avance III Bruker NMR spectrometer (Bruker, 
Karlsruhe, Germany), subsequently, H NMR spectra originated from the 
extracted xanthan gum samples were obtained at 25 ◦C. 
In addition, the molecular structure and functional groups of xanthan 
gum (recovered after 78.5 h) in the form of powder were scanned using a 
Tensor II Bruker FTIR spectrometer. The wavenumbers varied from 
3500 to 500 cm− 1 and the scanning resolution was 4 cm− 1. 
2.7.4. Thermal analysis of xanthan 
Thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) were used to evaluate the thermal stability of xanthan 
gum. The recovered xanthan in powder form (19 mg) was analysed using 
a Q2000 DSC (TA Instruments, USA) in a temperature range 30–500 ◦C 
with a heating ramp of 10 ◦C/min under the nitrogen gaseous with a 
flow rate of 20 mL/min. 
2.8. Statistical analysis 
Statistical analysis was carried out by one-way analysis of variance 
(ANOVA) at a significance level (P) of 0.05. SAS® software (version 
9.1.3, SAS Institute Inc., Cary, NC, US) was used for the statistical 
analysis. Duncan’s multiple range tests were used to compare the mean 
values. 
Table 1 
Operating parameters of dynamic light scattering 
(DLS) for molecular weight (MW) determination of 
xanthan gum (n = 3).  
Parameter Value 
Wave length 532 nm 
Power 10 mW 
Scattering angle 90◦
Temperature 25 ◦C  
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3. Results and discussion 
3.1. Xanthan gum recovery 
The results of xanthan gum recovery are given in Fig. 2. The first 
quantification of xanthan gum was performed after 27 h of cultivation, i. 
e., at the end of the first cycle of fermentation. The concentration of the 
recovered xanthan from SSS and PES fermentation broths was 3.47 ±
0.14 and 3.01 ± 0.13 g/L, respectively. After 54 h (at the end of the 
second cycle) this concentration was 1.61 ± 0.09 and 1.69 ± 0.05 g/L in 
SSS and PES fermentation broths, respectively. The recovery of xanthan 
after 54 and 78.5 h was reduced, possibly due to higher complexity of 
the matrix by passing the time. During the fermentation process, the 
accumulation of xanthan gum led to an increase in the viscosity of the 
fermentation broths, therefore bacterial cells were entrapped into the 
xanthan gum matrix, which led to a lower xanthan recovery. Wang et al. 
(2007) reported that during the fermentation of Sphingomonas pauci-
mobilis, the viscosity of media increased which lowered the extraction of 
the gellan gum. 
After 72 h, the recovered xanthan from SSS biofilm reactor was 1.84 
± 0.11 g/L, while it was 1.58 ± 0.08 g/L from PES biofilm reactor. 
Additionally, at the end of cycles 2 and 3, the pH decreased to pH 5.0. 
This caused a reduction in the xanthan gum productivity. Previously, the 
optimum pH of X. campestris was reported to be pH 7.0 (Palaniraj and 
Jayaraman, 2011). Esgalhado et al. (1995) showed that the optimum pH 
for the culture growth of X. campestris was 6.0–7.5 and the optimum pH 
for the xanthan production was 7.0–8.0. 
After 78.5 h, the concentration of the recovered xanthan was 3.09 g/ 
L and 3.21 g/L in SSS and PES fermentation broth, respectively. The 
results showed that after 78.5 h, the production of xanthan in SSS 
fermentation broth was higher than in the PES fermentation broth. 
Previously, several studies reported the production of xanthan gum at 
optimized conditions. Gomashe et al. (2013) reported the preproduction 
of xanthan gum using Xanthomonas campestris NRRL-B-1449 fermenta-
tion on the sugar beet molasses as the substrate at batch and fed-batch 
conditions. Results showed xanthan production increased with the 
increased yeast extract concentration, probably due to the facilitated 
nitrogen uptake. They also showed that the recovery of produced xan-
than gum at 30 ◦C increased from 1.8 mg/mL after 24 h to 2.3 mg/mL 
after 72 h fermentation. Wang et al. (2016) activated glycerol meta-
bolism in X. campestris to produce xanthan gum, showing that in the 
presence of glycerol (20 g/L), 3.7 g/L of xanthan gum was produced. 
Faria et al. (2009) compared the production of xanthan gum in a shaking 
flask and a bioreactor setup showing that the final concentration of 
xanthan gum in a shaking flask was 0.34 g/g while it was 0.63 g/g in the 
bioreactor setup. In another study, Li et al. (2016a, 2016b) reported the 
biosynthesis of xanthan gum by X. campestris LRELP-1 with a kitchen 
waste hydrolysate as the substrate, obtaining ~1 g/L xanthan gum after 
72 h and 4 g/L after 120 h. They also reported that by diluting the 
substrate in a ratios of 1:1 and 1:5 the concentration of xanthan gum 
after 120 h fermentation was increased to 11 and 5 g/L, respectively. 
Niknezhad et al. (2016) considered the production of xanthan gum using 
free and immobilized cells of X. campestris and X. pelargonii. The showed 
that the production of xanthan gum in the presence of glucose substrate 
was 8 g/L aftre 50 h. Also, Psomas et al. (2007) optimized xanthan gum 
production by using the response surface methodology showing that the 
xanthan concentration of 2.1 g/L was obtained at 30 ◦C in a flask 
agitated at 100 rpm. 
The annual worldwide production of xanthan is 30,000 with 
increasing demand with an annual rate of 5–10 % (Niknezhad et al., 
2016; Habibi et al., 2017). Nevertheless, manufacturer of xanthan gum 
industry faces with a challenge of high production cost. Low-cost and 
high efficiency substrates like lignocellulose are attractive for the pro-
duction of xanthan in large scale. Recently, some biomass materials 
including tapioca pulp, sugar cane broth, rice bran, kitchen waste, 
barley, corn flour, coconut juice have been successfully adopted to the 
xanthan gum bioprocess (Mohsin et al., 2018; Kang et al., 2019a, 
2019b). Semi-continuous bioproduction strategy that employed herein 
generally provides a dynamic environment with large spatial and tem-
poral heterogeneities which may induce multiple physiological re-
sponses in microbial cells, depending on the feeding regime. High 
viscosity of fermentation broth may lead to a restriction of oxygen mass 
transfer (Singh et al., 2017). High agitation may be a strategy to over-
come this restriction. Stredansky et al. (1999) reported a higher pro-
ductivity of succinoglycan in solid substrate fermentation compared 
with a submerged cultivation, due to higher availability of oxygen for 
Agrobacterium tumefaciens, thus free oxygen may move more rapidly 
through the spaces between particles and reached to the attached cells, 
accordingly, a higher growth and productivity of succinoglycan was 
obtained. Feeding operation may also change the yield of bioproduction 
of gum (Stredansky et al., 1999). 
Previous studies found a correlation between self-immobilization of 
cells and high surface hydrophobicity of supports (Callow et al., 2002; 
Treter et al., 2014). This may be due to the hydrophobic properties of 
spores surfaces. It has been shown that the cell attachment to the hy-
drophobic plastics occured more rapidly in comparison with the 
attachment to hydrophilic surfaces such as metals (Bajoul Kakahi et al., 
2019). Moreira et al., (2015) observed an enhanced attachment of 
Fig. 2. Xanthan gum recovery obtained from the medium culture of Xanthomonas campestris at t = 0, 27, 54, 72 and 78.5 h in biofilm reactors with polyethylene and 
stainless-steel supports. Different letters represent significant difference (P < 0.05) between two columns at a same time. 
M. Nejadmansouri et al.                                                                                                                                                                                                                       
Journal of Biotechnology 328 (2021) 1–11
5
bacteria to the surfaces with high hydrophobicity (e.g., cellulose acetate 
and polydimethylsiloxane) while a poor attachment of bacteria observed 
to the hydrophilic surface (e.g., glass) (Moreira et al., 2015). Surface 
roughness is also a key factor for biofilm adhesion as it increases the 
contact area between the surface of the materials and bacterial cells. 
However, high roughness may cause loosening the biofilm structure. 
Early bacterial adhesion to the surface of supports is controllable with 
surface modification and the selection of bacterial strain for the pro-
duction of the targeted bioproduct (Anselme et al., 2010). 
3.2. OD measurement, the biomass yield and microbial cell count 
The results of OD measured at λ =600 nm are shown in Fig. 3. After 
inoculation of X. campestris, the OD at t0 was 0.25 and 0.24 in SSS and 
PES fermentation broths, respectively. The OD was increased during 24 
h without a significant difference between two samples (P > 0.05). After 
27 h, the OD in both samples decreased due to supplementation of fresh 
media which caused lowering the cell concentration. During t = 27–30.5 
h, the OD remained unchanged in both samples due to the adaptation 
time required for the bacteria at the beginning of the second cycle of 
fermentation. At t =30.5 h, the OD in PES and SSS fermentation broths 
reached to 5.86 and 6.40, respectively. After that, the OD in PES 
fermentation broth increased due to the growth of bacteria, while the 
reduction of OD in SSS fermentation broth occurred until t =37 h (OD =
5.38). The difference was associated with the existence of more bacteria 
in PES fermentation broth, while more supported entrapped cells were 
observed on SSS. From t =37 h until 51.5 h, the OD increased in both 
samples while it was reduced at 54 h (the second feeding). After that, the 
OD increased in SSS fermentation broth until 60 h, while it remained 
relatively unchanged in PES fermentation broth. The OD at 72 h was 
recorded to be 14.94 and 13.32 for PES and SSS fermentation broths, 
respectively. From this point until the end of fermentation (78.5 h), the 
OD in PES fermentation broth raised to 16.02, while it remained rela-
tively constant in SSS fermentation broth. The results of OD demon-
strated that higher amount cells in PES biofilm reactor were 
immobilized compared to SSS biofilm reactor. 
The results of biomass measurement in samples are shown in Fig. 3. 
The biomass concentration in both samples increased until 24 h. At this 
time, the biomass concentration in PES fermentation broth was 3.1 g/L, 
while the biomass concentration in SSS was 2.6 g/L. The biomass con-
centration remained relatively constant for both samples until 27 h due 
to low bacterial growth as a result of lack of nutrient. At this time, 
addition of fresh medium led to having higher volume of samples, 
caused lowering the biomass concentration until t =30.5 h. At t =30.5 h, 
the biomass concentration in PES and SSS fermentation broths was 2.1 
and 1.4 g/L, respectively. Subsequently, the biomass concentration in 
both samples increased as growth of bacteria re-initiated. Letisse et al. 
(2001) reported a high increase in biomass of X. campestris as a conse-
quence of consumption of nitrogen source. From t =37 h until t =54 h, 
the biomass weight was almost unchanged in both samples, probably 
due to the nutrient starvation. After feeding with a fresh medium at the 
start point of the third cycle of fermentation, the biomass reached to 2.4 
g/L in PES fermentation broth and 1.21 g/ L in SSS fermentation broth at 
t =60 h and continued to increase until the end of fermentation (78.5 h). 
The results obtained from the biomass concentration in different periods 
of time showed a higher cell growth in PES compared to the SSS 
fermentation broths. 
X. campestris cells were counted by plat count technique in YPD agar 
Fig. 3. Changes of optical density (OD) and biomass weight during the growth of Xanthomonas campestris cells in the presence of polyethylene support (PES) and 
stainless-steel support (SSS) during 78.5 h fermentation (n = 3). 
Fig. 4. Cell count of Xanthomonas campestris in the presence of polyethylene supports (PES) and stainless-steel support (SSS). Different letters express the significant 
difference (P < 0.05) between data of columns at a same time (n = 3). 
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during fermentation (Fig. 4). At t = 0, serial dilution and pour plate 
methods were carried out showing an initial count of 4.89 log CFU/mL. 
At t =27 h, the cell count was 8.5 and 7.32 log CFU/mL in PES and SSS 
fermentation broths, respectively. After 54 h, the cell count was 8.32 
and 7.46 log CFU/mL in PES and SSS fermentation broths, respectively. 
At t =78.5 h, the cell count was 9.12 and 8.47 log CFU/mL in PES and 
SSS fermentation broths, respectively. The results showed higher bac-
terial count in the PES biofilm reactor compared to the SSS biofilm 
reactor. 
3.3. The changes of the pH and the glucose concentration during the 
fermentation process 
The changes in pH of PES and SSS fermentation broths were recorded 
during the growth of X. campestris (Fig. 5). The initial pH of both samples 
was 6.87. As expected, the pH was decreased due to the microbial 
growth and the hydrolysis of carbohydrates. The pH of samples in PES 
and SSS fermentation broths at t =24 h reached to 4.79 and 4.85, 
respectively. From 27–30.5 h, the pH was slightly increased probably 
due to reaching to the end of stationary phase where the growth was 
stopped and the xanthan production was limited. Afterwards, the pH 
was reduced again in both fermentation broths. At t =48 h, the pH in PES 
and SSS fermentation broths was 4.62 and 4.79, respectively, and it 
remained almost unchanged until t =54 h where the second cycling was 
finished. At the end of fermentation (t = 78.5), the pH was 4.96 and 5.71 
in PES and SSS fermentation broths, respectively. The difference in pH 
values during the third cycle of fermentation showed the occurrence of 
different patterns of the X. campestris growth at semi-continuous con-
dition in PES and SSS biofilm reactors. 
The microbial strain and the condition of experiment (including 
medium composition and environmental factors) influence on the pH 
during fermentation of X. campestris. Production of xanthan gum may 
also be involved in acidification of the culture. Xanthan gum is a 
negative charged polymer. Changes in pH of xanthan solution may lead 
changing the charge density of the xanthan gum, causing molecular 
interactions between the xanthan molecules and/or between xanthan 
and other food ingredients (Habibi and Khosravi-Darani., 2017). Pala-
niraj and Jayaraman (2011) reported that acidic fragments such as 
glucuronic and pyruvic acid groups in xanthan gum may reduce the pH 
from 7.0 to ~5.0 during the bioproduction of xanthan. 
Glucose concentration was determined during the fermentation in 
the biofilm reactors. Zhang and Chen (2009) stated that glucose content 
is a key factor for producing the xanthan gum. Detailed changes of 
glucose concentration in both biofilm reactors are given in Fig. 5. 
Glucose concentration was similar in both samples at t0. At t =13 h, a 
significant decrease was observed in glucose concentration in both 
samples. At t =24 h, rapid intake of glucose occurred in PES biofilm 
reactor. At t =27 h (first feeding), SSS and PES fermentation broths had 
1.00 % and 0.69 % (w/v) glucose, respectively, which demonstrated that 
bacteria in PES fermentation broth had higher growth until this point. At 
t =30.5 h, glucose in SSS fermentation broth was 3.62 % (w/v) which 
was significantly (P < 0.05) higher than in PES fermentation broth (2.72 
% w/v). Glucose concentration in both samples was further decreased as 
a function of time. At t =48 h, it reached to 1.72 % and 1.89 % (w/v) in 
SSS and PES fermentation broths, respectively. From t =48 h until t 
=51.5 h, a reduction of glucose concentration in PES fermentation broth 
was observed, while in SSS fermentation broth glucose concentration 
was relatively constant. At t =54 h, the glucose concentration in PES and 
SSS fermentation broths was 1.70 and 1.94 % (w/v), respectively. 
During the third cycle of fermentation, the glucose concentration 
decreased in both samples until the end of fermentation. The results 
herein showed that the glucose intake was in direct relationship with the 
xanthan production. 
3.4. Scanning electron microscopy (SEM) 
Analysis of microstructure of SSS and PES was carried out by SEM as 
shown in Fig. 6. The results showed higher accumulation of biomass of 
X. campestris on SSS showing a higher capability of SSS to immobilize 
X. campestris cells. Furthermore, the presence of higher amount of xan-
than gum entrapped on SSS was observed. This was in accordance with a 
higher xanthan concentration in the SSS fermentation broth as reported 
earlier in Fig. 2. 
SEM image of the xanthan gum powder was also taken, showing a 
fibrous and porous structure for xanthan which was in accordance with a 
recent report by Makhado et al. (2017). 
3.5. Characterization of xanthan gum recovered from biofilm reactors 
3.5.1. Xanthan gum molecular weight 
MW has been reported as an important factor for rheological prop-
erties of xanthan gum solution (Casas et al., 2000). Different serial di-
lutions of xanthan gum in water (0.25–4.0, 0.1–1.6, 0.15–3.0 and 
0.2–3.2 mg/mL) were prepared to determine the MW of xanthan. As 
shown in Fig. 7, the MW of xanthan gum was between 4000–6000 kDa. 
Previously, this value was reported to be in a range of 300− 8000 kDa 
Fig. 5. Changes of pH and glucose concentration during 78.5 h fermentation of X. campestris in biofilm reactors having polyethylene support (PES) and stainless steel 
support (SSS) (n = 3). 
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(Cui et al., 2013). Xanthan gum with low MW presents a rigid structure, 
while at higher MW it represents in a stiff coil. 
3.5.2. Analysis of surface tension 
The result of surface tension of the recovered xanthan gum is given in 
Table 2. Surface tension of water as a reference was determined to be 
Fig. 6. Scanning electron microscopy (SEM)images of entrapped cells of Xanthomonas campestris on (a) polyethylene and (b) stainless steel supports; (c) xanthan gum 
on the surfaces of polyethylene and (d) stainless steel support; and (e-f) xanthan gum powder. 
Fig. 7. Molecular weight (kD) of xanthan gum in different concentrations.  
Table 2 
Surface tension of Xanthomonas campestris 0.2 % (w/v) xanthan gum solution 
recovered from the polyethylene and stainless steel support fermentation broths. 
Similar letter represents no significant difference between data (P > 0.05).   
Surface tension (mN/m)  
Time (h) Stainless steel support Polyethylene support 
27 55.82 ± 3.19a 52.16 ± 4.61a 
54 54.19 ± 4.27a 53.14 ± 2.96a 
72 56.50 ± 3.56a 54.72 ± 3.24a 
78.5 53.12 ± 3.75a 55.49 ± 3.17a  
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72.23 ± 2.46 mN/m. The surface tension of 0.2 % (w/v) xanthan solu-
tion samples recovered from SSS and PES fermentation broths after 27 h 
was in a range 52–57 mN/m with no significant difference between the 
samples (P > 0.05). Previous reports showed that the surface tension of 
0.1− 0.4% (w/v) xanthan gum solution range from 67 to 74 mN/m (Lee 
et al., 2012; Muthamizhi et al., 2014). 
3.5.3. Rheological behaviours 
The storage modulus (G′) and the loss modulus (G′ ′) of several so-
lutions of xanthan gum was measured in order to compare the rheo-
logical characteristics of the X. campestris xanthan produced herein with 
a commercial xanthan. The results are represented in Fig. 8a. In general, 
the G′ values were higher than the corresponding G′ ′, showing high 
elasticity of both xanthan samples. This behaviour was due to the change 
of the macromolecules from the regular structure to the random helix 
structure and the formation of a macromolecular network, which led to 
an increase in the elasticity of xanthan molecules (Abbastabar et al., 
2014). Furthermore, with increasing the frequency, the values of G′ and 
G′′ increased in all samples. This result was in agreement with the pre-
vious studies (Carmona et al., 2014; Nejadmansouri et al., 2020). 
Further evaluation indicated that the extracted xanthan samples 
were less viscous and less elastic than the commercial xanthan. This 
could be because of higher purity of xanthan in the commercial form. 
The xanthan produced herein showed that the G′ and G′ ′ were at the 
highest value after 78.5 h (Fig. 8a). 
Another rheological parameter is Tan δ (loss factor) which represents 
the molecular formation of polymers such as amorphous, glassy crys-
talline, gel and dilute solutions, where δ > 1 refers to the liquid visco-
elastic material and the δ < 1 refers to the solid viscoelastic material. As 
shown in Fig. 8b, the δ in these samples were < 1 which represented the 
solid viscoelastic behaviour of X. campestris xanthan extracted from both 
SSS and PES biofilm reactor. In addition, the δ from the extracted xan-
than samples were compared with δ from the commercial xanthan in a 
specific range of frequencies (Fig. 8b). The commercial xanthan gum had 
the lowest while the recovered xanthan after 27 h fermentation of 
X. campestris had the highest loss factor among the samples in different 
frequencies. The δ for all samples ranged between 0.2-0.6. 
3.5.4. Hydrogen-1 nuclear magnetic resonance (H NMR) spectroscopy 
The 1H NMR was used to analyze the molecular structure of extracted 
Fig. 8. a) Storage (G′) and loss modulus (G′ ′); and b) loss factor of recovered xanthan produced using Xanthomonas campestris and commercial xanthan gum.  
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xanthan gum produced using X. campestris (Fig. 9). The peak at 1.2 ppm 
was associated to the pyruvate methylene group and methyl group of the 
side chains of xanthan (no. 1); the peaks between 1.8 to 2.0 ppm rep-
resented the methyl proton of acetyl group in the side chain of xanthan 
gum (no. 2); the peaks from 2.1 to 2.9 ppm represented the methylene 
group bonded to glucuronic acid (no. 3); the peaks from 3.2 to 4.1 ppm 
were associated with the hydroxyl group (alcoholic methylene and 
alcoholic methine) in xanthan gum structure (no. 4); and the large peak 
at 4.7 ppm was associated with D2O (no. 5). This result is in agreement 
with the 1H NMR spectra previously recorded for xanthan gum (Elella 
et al., 2017; Wang et al., 2017). 
3.5.5. Fourier transform infrared spectroscopy (FTIR) of X. campestris 
xanthan 
FTIR spectroscopy was used to elucidate the functional groups of the 
extracted xanthan gum from the self-immobilized cells of X. campestris. 
An example of spectra is given in Fig. 10. A peak was observed within 
the wavenumber of 3500 to 3000 cm− 1 which represented stretching 
vibration of hydroxyl (–OH) group. A short peak in wavenumber range 
of 2900 to 2800 cm− 1 was related to stretching vibration of aliphatic 
hydrocarbon (C–H) groups. The peak from 1650 to 1500 cm-1 expressed 
the stretching vibration of C–O in pyruvate structure and stretching 
vibration of C–O in acetyl structure. The peak at 1244 cm− 1 was 
Fig. 9. Hydrogen-1 nuclear magnetic resonance (H NMR) spectrum of xanthan gum produced using Xanthomonas campestris: (1) Pyruvate methylene (–CH2) and 
protons of methyl (–CH3) groups, (2) methyl protons of acetate groups (CH3COO–), (3) H in (C–H2) connected to glucuronic acid, (4) protons of alcoholic methine 
(–CHO–H) and methylene groups (–CH2O–H), and (5) D2O. 
Fig. 10. Fourier transform infrared (FTIR) spectrum of xanthan gum produced using Xanthomonas campestris.  
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associated with stretching of symmetric carboxylate (–COO-) corre-
sponding to glucuronic acids. A peak at 1024 cm− 1 was related to CO– 
stretching vibration of acetal groups. This result is in agreement with 
FTIR analysis of xanthan gum in previous studies, e.g., Elella et al. 
(2017) and Kang et al. (2019a, 2019b). 
3.5.6. Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) 
TGA analysis was carried out to determine the thermal stability of 
xanthan gum in the temperature range of 30–500 ◦C (Cai et al., 2019). 
Fig. 11a shows the weight changes during alteration of the temperature. 
Two-step reduction of weight was observed for xanthan during the 
experiment: the first reduction (~7%) was observed within the tem-
perature range of 63 and 116 ◦C corresponding to water evaporation and 
escaping the volatile compounds (Robinson et al., 2001); the second 
reduction (265–308 ◦C, ~40 %) was associated with the structural 
deformation of xanthan gum. The result was in accordance with the 
previous reports for other polysaccharide backbone such as glucose, 
mannose and glucuronic acid (Kang et al., 2019a, 2019b; Robinson 
et al., 2001). The Tmax (temperature of highest degradation) was shown 
to be around 300 ◦C, in which –COO was drifted apart from pyruvate, 
dimethyl group and side chain (Kang et al., 2019a, 2019b; Srivastava 
and Behari, 2007). 
Fig. 11b shows the DSC result of the X. campestris xanthan gum in a 
temperature range of 30− 500 ◦C, which included both endothermal and 
exothermal behaviour for xanthan polymer. The endothermic occurred 
in a range of 117− 160 ◦C as an indicative of moisture loss while the 
exothermic appeared in a range of 260− 312 ◦C (with the highest in-
tensity at 288 ◦C) as an indicative for the thermal decomposition. 
Similar results have been reported by Zheng et al. (2019) who stated that 
the endothermal and exothermal behaviours were associated with the 
moisture loss and decomposition of xanthan gum, respectively. 
4. Conclusion 
Self-immobilization of microbial cells during the fermentation has 
been suggested as an approach to increase the yield of microbial me-
tabolites. In this study, semi-continuous production of xanthan using 
Xanthomonas campestris cells in biofilm reactors was carried out. To this 
end, polyethylene and stainless steel supports (PES and SSS) was used 
for the microbial immobilization during the fermentation. Reduction in 
the pH and the consumption of glucose in PES and SSS fermentation 
broths were observed with a higher rate for PES biofilm reactor. The 
results of OD and microbial counts confirmed a higher cell growth in PES 
broth, while a higher cell entrapment observed in SSS biofilm reactor. 
Xanthan gum recovery from SSS biofilm reactor was higher compared to 
the PES biofilm reactor. SEM analysis showed a higher cell attachment in 
the SSS biofilm reactor. Rheological behaviours of the recovered xan-
than gums from both broths were similar and well comparable with the 
commercially available xanthan gum. No significant differences be-
tween the surface tension of the xanthan gum solutions was observed. 
The thermal stability analysis of xanthan using DSC showed the presence 
of two fractures attributed to the dehydration and the degradation of 
polymer. Chemical structure of xanthan produced in this study was 
evaluated using FTIR and 1H NMR spectroscopy spectrometry. The re-
sults herein showed that the self-immobilization of cells with SSS during 
the fermentation was suitable to obtain a high productivity of xanthan 
gum through the semi-continuous fermentation. Further studies on the 
application of self-immobilization of X. campestris cells for the contin-
uous production of xanthan gum in a large scale are suggested. 
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